US009221143B2

a» United States Patent (0) Patent No..  US 9,221,143 B2
Inagaki et al. 45) Date of Patent: Dec. 29, 2015
(54) MACHINING VIBRATION SUPPRESSING USPC ittt 408/17, 143
METHOD AND MACHINING VIBRATION See application file for complete search history.
SUPPRESSING APPARATUS FOR MACHINE
TOOL
(56) References Cited
(71) Applicant: Okuma Corporation, Niwa-Gun (JP) U.S. PATENT DOCUMENTS
(72) Inventors: Hiroshi Inagaki, Niwa-Gun (JP); 5200326 A * 51993 H 188/378
: . : ,2009, AIPET oo
Toshiya Shikama, Niwa-Gun (JP) 5,834,867 A 11/1998 Kikuchi et al.
5,876,155 A *  3/1999 Linketal. ..o 408/1 R
(73) Assignee: Okuma Corporation, Niwa-Gun (JP) (Continued)
(*) Notice: Subject to any disclaimer, the term of this
patent is extended or adjusted under 35 FOREIGN PATENT DOCUMENTS
U.S.C. 154(b) by 251 days. P HO08-296609 11/1996
1) Appl. No.: 13/793,093 Jp 2002-292501 Al 10/2002
.No.:
PP ’ (Continued)
22) Filed: Mar. 11,2013
(22) File a2 OTHER PUBLICATIONS
(65) Prior Publication Data Japanese Office Action from a corresponding Japanese patent appli-
US 2013/0309034 Al Nov. 21, 2013 cation (JP Application No. 2012-113633) bearing a mailing date of
Nov. 4, 2015.
(30) Foreign Application Priority Data
May 17, 2012 (JP) weoooeoereeeeeeeeeeeeeeeeeennns 2012-113633  Primary Examiner — Daniel Howell
Assistant Examiner — Yasir Diab
(51) Int.ClL (74) Attorney, Agent, or Firm — Burr & Brown, PLL.C
B23Q 17/09 (2006.01)
B23Q 11/00 (2006.01)
GO5B 19/404 (2006.01) 7 ABSTRACT
(Continued) An apparatus includes an external input device that allows
(52) US.Cl setting of the amount of runout and the phase of each cutting
CPC ) B23Q 17/0976 (2013.01); B23Q 11/0039 edge, a computation device that acquires the rotational phase
"""" (2013.01); GOSB 19/404 (’2013 01); B230 of a tool and that computes the angular velocity and the phase
]5/0]'3 (2’013 01); B23Q ]5/08.(20313 01); of vibration of two, X-axis and Y-axis, feed shafts on the basis
GOSB 221937517 (2013.01); GOSRB of the input amount of runout and angular velocity of each
2219/49176 (2013.01); Y]0T4.09/;03752 cutting edge to generate a feed shaft control signal, and a
(2015.01); YI0T 409/3b3868 (2015.01); Y10T numerical control device that controls feed in the X-axis and
109/304312 (2015.01); Y10T 109/306832 the Y-axis directions. The numerical control device relatively
T (2015.01) vibrates a workpiece in synchronization with the angular
(58) Field of Classification Search ’ velocity of the tool on the basis of the results of computation

CPC .........

B23Q 17/0971; B23Q 17/0976; B23Q
15/007; B23Q 15/013; B23Q 15/08; B23Q
2017/001

~3c(3)

I

¢ | DEVICE

i coMPUTATION
© | DEVICE

performed by the computation device.

4 Claims, 10 Drawing Sheets

CONTROL

| ROTATION :
i
:

i

© EXTERNAL |
| INPUT DEVICE |

I ;
!

NUMERICAL
CONTROL
DEVICE

16b(10)



US 9,221,143 B2

Page 2
(51) Int.ClL 2009/0017734 Al 1/2009 Osaki et al.
B230Q 15/013 (2006.01) 2010/0032879 Al* 2/2010 Ladraetal. ................ 269/56
B230 15/08 (2006.01) 2010/0092262 Al 4/2010 Hamann et al.
Q : 2010/0164156 Al* 7/2010 Bretschneideretal. ........ 269/86
(56) References Cited FOREIGN PATENT DOCUMENTS
Jp 2006-141138 6/2006
6,135,682 A * 10/2000 McCalmont .................. 409/131 P 2007-044852 2/2007
6,241,435 B1* 6/2001 Huangetal. ..... ... 409/141 P 2009-006447 1/2009
6,296,093 B1* 10/2001 Norris et al. ..... ... 188/378 P 4433422 B2 3/2010
6,993,410 B2* 1/2006 Esterling ...... .. 700/177 1P 2010-089256 4/2010

7,647,853 B2* 1/2010 Lundblad 82/1.11
2008/0289923 Al 11/2008 Suzuki et al. * cited by examiner



U.S. Patent Dec. 29, 2015 Sheet 1 of 10 US 9,221,143 B2

FIG. 1

MAIN SPINDLE |-~ 11

-36(3) ROTATION :

P : | CONTROL q
(10) 10a,\(3)3a i ~10c(10) | pEvICE 6

Y i‘ i . ;\

- COMPUTATION | . | EXTERNAL
) DEVICE “t | INPUT DEVICE
L j

W

NUMERICAL | |
CONTROL | {13
DEVICE %

kY
Y
3
3
7

10b(10)



U.S. Patent Dec. 29, 2015 Sheet 2 of 10 US 9,221,143 B2

FIG. 2A

FIG. 2B

CUTTING - -
EDGE NO. @ @ @
PHASE
DIFFERENCE 35 125 218 v 305
¢ )
AMOUNT
OF TOOL
RUNOUT

(um)

30 10 0 40




U.S. Patent Dec. 29, 2015 Sheet 3 of 10 US 9,221,143 B2

FIG. 3

100

N
Lan)

O™ T

e

i
(443
(=]

L]

50 120 180 240 300 380
FHASE DIFFERENGE 6[° ]

AMOUNT OF TOOL RUNOUT &1{ ¢ m]



U.S. Patent

FIG. 4

Dec. 29, 2015 Sheet 4 of 10

BN
L START i

VA

5
-

L5

US 9,221,143 B2

INPUT COMMAND VALUES FOR
SUPERIMPOSITION RADIUS, ANGULAR
VELOCITY, AND PHASE DIFFERENCE
MEASURE AND INPUT AMOUNT OF RUNOUT
AND PHASE OF EACH CUTTING EDGE

s

CALCULATE CORRECTION VALUE FOR TOOL
ROTATIONAL ANGLE

82

-

Ny

ACQUIRE POSITION OF TOOL ROTARY SHAFT IN

ROTATIONAL DIRECTION (SUCH AS PULSE
SIGNAL)

1V

CONVERT CORRECTION VALUE CALCULATED
FOR ROTATION SPEED INTO COMPONENTS IN
RESPECTIVE AXIAL DIRECTIONS TO ADD SUCH
COMPONENTS TO FEED SHAFT COMMAND
VALUES (REDUCE AMOUNT OF RUNOUT)

N

CONTROL. FEED SHAFT

G

.,.----“‘NN“N’W'*LN\\\\ & S ﬁ
=TT IS MAGHINING T
NW\‘W\NMN"“I E RM I N AT E D ?M__“.N‘__w.-'»-«“"‘ e N O
Tves

- N \é{l y,
( END )




U.S. Patent Dec. 29, 2015 Sheet 5 of 10 US 9,221,143 B2

FIG. 5

. 8000

6000

{\ﬁrf

avan

|t \/V

0 0.1 0.2 0.3 0.4
TIME [SEC)

4000

2000 [}t

CUTTING FORCE [N}




U.S. Patent Dec. 29, 2015 Sheet 6 of 10 US 9,221,143 B2

FIG 8

8000

6000

4000 [RETORY A%

2600

CUTTING FORCE [N]

) o 0.2 03 0.4
TIME [SEC)



U.S. Patent

FIG. 7

CONTROL FEED SHAFT

X

S14

.
F
R ,/

.....

a-"' “\ > -
TS MACHINING ™

Dec. 29, 2015 Sheet 7 of 10 US 9,221,143 B2
{ START W\s
INPUT NUMBER OF EDGES AND n
. ACQUIRE TOOL ANGULAR VELOCITY FROM +~~ST11
MAIN SPINDLE ROTATION CONTROL DEVICE
CALCULATE ANGULAR VELOCITY FOR  |.__g19
PRESENT CONTROL
1-S13

)

Tt

YES
> \W’( N -
C om0

T TERMINATED? " NO




U.S. Patent Dec. 29, 2015 Sheet 8 of 10 US 9,221,143 B2

FIG. 8

. 8000

5

#9 #2 ’ #a

(2]
(o]
[=
<

4000 S O VUV S

2000 e

CUTTING FORCE [N

0 0.105 0.21 0.315 0.42 0525 0.63
TIME [SEC]



U.S. Patent Dec. 29, 2015 Sheet 9 of 10 US 9,221,143 B2

FiG 8

Y

§000 B LIt TN SN B0 K2 SRR S —

g{}%{g S

2000

CUTTING FORCE [N]

0 0.105 0.21 0.315 042 0.525 063
TIME [SEC]



US 9,221,143 B2

Sheet 10 of 10

Dec. 29, 2015

U.S. Patent

FIG. 10

s <T
ﬁ.,
x.,.w ya
X A
%, i
% ’ ....x.
.,f.. ﬂ.f
“““““““ i
,o.:lmw M.e., zf;....
N Y Y,
i 3 7 m/f 5,
5, 7 !
et N \Jms.wx.. H
B ", w.yw\\ e ‘Hw..f H
© oS dn
— SR,
% o pden,
M .\‘\vfw\\@m ../f, M
\\\\\\\ o~ '
Y, ot w,m
Y Bl
S /g




US 9,221,143 B2

1
MACHINING VIBRATION SUPPRESSING
METHOD AND MACHINING VIBRATION
SUPPRESSING APPARATUS FOR MACHINE
TOOL

BACKGROUND OF THE INVENTION

This application claims the benefit of Japanese Patent
Application Number 2012-113633 filed on May 17,2012, the
entirety of which is incorporated by reference.

TECHNICAL FIELD

The present invention relates to a machining vibration sup-
pressing method and a machining vibration suppressing
apparatus for a machine tool capable of suppressing occur-
rence of chatter vibration and tool chipping during milling
and cutting, in particular during deep cutting such as rough
machining.

BACKGROUND ART

In a machine tool that performs machining while rotating a
tool, chatter vibration is caused when the amount of cutting is
increased during machining to result in a degraded machined
surface. In order to suppress such chatter during machining,
there has been proposed a technique, for milling, in which an
optimum rotation speed is calculated from the eigenfre-
quency of vibration of the system in which the chatter is
caused and the chatter frequency during machining (see Japa-
nese Patent No. 4433422, for example).

For cutting, there have been proposed a method in which
the rotation speed of a main spindle is varied by a certain
amount of displacement and a certain period in the case where
a main spindle motor produces sufficient torque, and a
method in which a unit that generates ultrasonic vibration
during machining is attached to a feed shaft to apply high
frequency minute vibration to reduce a cutting force, thereby
suppressing chatter (see Japanese Patent Application Publi-
cation No. 2002-292501 (JP 2002-292501 A), for example).

Further, there has been proposed a method in which
machining is performed along a trochoid to reduce the time
for which an edge contacts an object to be machined to sup-
press an increase in chatter.

However, the method for milling in which an optimum
rotation speed is calculated requires a sensor that detects
chatter and a complicated control device. In the method for
cutting in which the rotation speed of the main spindle is
varied by a certain amount of displacement and a certain
period, an excessive load is applied to the main spindle motor.
The method in which high frequency minute vibration is
applied to the feed shaft requires a unit that applies minute
vibration, and is not suitable for deep cutting. The trochoid
machining needs a change to a program, and is not so respon-
sive that the cutting amount may not be increased.

For deep cutting, a tool with replaceable cutting edges is
used for fear of tool chipping. However, there may be a
difference in amount of runout among attached cutting edges
due to the machining accuracy of the tool body, which may
result in so-called “tool runout” which is different from the
vibration described above. The runout is increased in propor-
tion to the cutting amount, and tends to chip the cutting edges.
This may make it difficult for the tool to achieve its maximum
cutting capacity.

SUMMARY OF THE INVENTION

In view of the foregoing circumstances, it is therefore an
object of the present invention to provide a machining vibra-
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tion suppressing method and a machining vibration suppress-
ing apparatus for a machine tool capable of suppressing chat-
ter vibration by superimposing minute vibration on a feed
shaft during machining, and capable of suppressing chipping
due to runout of a tool by uniformizing cutting forces applied
to a plurality of edges mounted to the tool.

In order to address the foregoing issues, a first aspect of the
present invention provides a machining vibration suppressing
method for a machine tool that machines a workpiece while
rotating a tool mounted to a main spindle. This method
includes machining the workpiece while applying forced
vibration at a predetermined amplitude and a predetermined
frequency of vibration to feed operation for a feed shaft
during machining.

According to the method, the workpiece is machined while
applying forced vibration to feed operation, that is, while
relatively vibrating the workpiece. As a result, the feed rate
per edge of the tool is periodically varied, thereby making it
possible to suppress chatter vibration caused during deep
cutting or the like.

A second aspect of the present invention provides the
machining vibration suppressing method for a machine tool
according to the first aspect, in which the frequency of vibra-
tion of the forced vibration is a frequency of vibration shifted
by a predetermined amount with respect to a rotation speed of
the tool.

According to the method, the cutting resistance is not
increased or reduced in conjunction with the rotation speed of
the tool, and the cutting force is non-uniform, thereby sup-
pressing chatter vibration.

In addition, the cutting force applied to the cutting edges is
distributed so that the maximum cutting force is not applied to
a particular edge at all times, thereby making it possible to
also suppress tool chipping.

A third aspect of the present invention provides the
machining vibration suppressing method for a machine tool
according to the first aspect, in which the frequency of vibra-
tion of the forced vibration is a frequency of vibration that is
equal to a rotation speed of the tool.

According to the method, the forced vibration to be super-
imposed on the feed operation is at a frequency of vibration
that is equal to the rotation speed of the tool, that is, equal to
the runout of the tool. Therefore, the forced vibration can be
caused to cancel the influence of the amount of tool runout,
thereby suppressing tool chipping. In the case where the tool
includes a plurality of cutting edges, in particular, the runout
of the tool can be canceled by applying vibration that is
opposite in phase to the runout of the tool so that the cutting
force is uniformly distributed to the cutting edges, thereby
reliably suppressing tool chipping.

A fourth aspect of the present invention provides the
machining vibration suppressing method for a machine tool
according to the second aspect, in which the workpiece is
machined with first vibration and second vibration superim-
posed on the feed operation for the feed shaft during machin-
ing, the first vibration being at a frequency of vibration shifted
by a predetermined amount with respect to the rotation speed
of'the tool and the second vibration being at a specific ampli-
tude and at a frequency of vibration that is equal to the rotation
speed of the tool.

According to the method, two types of vibration including
vibration synchronized with the rotation speed of the tool and
vibration shifted therefrom are applied to the workpiece,
thereby suppressing chatter vibration and tool chipping as
well.

A fifth aspect of the present invention provides a machining
vibration suppressing apparatus for a machine tool that
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machines a workpiece while rotating a main spindle to which
a tool having one or a plurality of cutting edges are mounted
to feed at least one of the workpiece and the tool in a plane that
is orthogonal to the main spindle. This apparatus includes a
condition input unit that sets an amplitude and a phase of the
workpiece, a vibration computation unit that computes a
phase of vibration of a feed shaft on the basis of the input
amplitude and phase of the workpiece to generate a feed shaft
control signal, and a feed control unit that controls feed of the
feed shaft, in which the feed control unit applies forced vibra-
tion based on the feed shaft control signal to the workpiece.

According to the construction, the workpiece is machined
while vibrating the workpiece by applying vibration com-
puted on the basis of the input amplitude and phase of the
workpiece to the tool or the workpiece. As a result, the feed
rate per edge of the tool is periodically varied, thereby making
it possible to suppress chatter vibration caused during deep
cutting or the like.

A sixth aspect of the present invention provides the
machining vibration suppressing apparatus for a machine tool
according to the fifth aspect, further including a tool informa-
tion input section that acquires a rotational phase of the tool,
in which the feed shaft control signal output from the vibra-
tion computation unit for execution of the forced vibration is
a signal that causes vibration at an amplitude set in advance
and at a frequency of vibration shifted by a predetermined
amount with respect to a rotation speed of the tool.

According to the construction, the cutting resistance is not
increased or reduced in conjunction with the rotation speed of
the tool, and the cutting force is non-uniform, thereby sup-
pressing chatter vibration.

In addition, the cutting force applied to the cutting edges is
distributed so that the maximum cutting force is not applied to
a particular edge at all times, thereby making it possible to
also suppress tool chipping.

A seventh aspect of the present invention provides the
machining vibration suppressing apparatus for a machine tool
according to the fifth aspect, further including a tool informa-
tion input section that acquires a rotational phase of the tool,
in which the feed shaft control signal output from the vibra-
tion computation unit for execution of the forced vibration is
a signal that causes vibration at an amplitude set in advance
and at a frequency of vibration that is equal to a rotation speed
of the tool.

According to the construction, the forced vibration to be
superimposed on the feed operation is at a frequency of vibra-
tion that is equal to the rotation speed of the tool, that is, equal
to the runout of the tool. Therefore, the forced vibration can
be caused to cancel the influence of the amount of tool runout,
thereby suppressing tool chipping. In the case where the tool
includes a plurality of cutting edges, in particular, the runout
of the tool can be canceled by applying vibration that is
opposite in phase to the runout of the tool so that the cutting
force is uniformly distributed to the cutting edges, thereby
reliably suppressing tool chipping.

An eighth aspect of the present invention provides the
machining vibration suppressing apparatus for a machine tool
according to the sixth aspect, in which the feed shaft control
signal output from the vibration computation unit is a signal
obtained by superimposing a control signal that causes first
vibration on a control signal that causes second vibration, the
first vibration being at a frequency of vibration shifted by a
predetermined amount with respect to the rotation speed of
the tool and the second vibration being at a frequency of
vibration that is equal to the rotation speed of the tool, and the
feed control unit applies forced vibration based on the two
types of control signals to the workpiece.
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According to the construction, two types of vibration
including vibration synchronized with the rotation speed of
the tool and vibration shifted therefrom are applied to the
workpiece, thereby suppressing chatter vibration and tool
chipping as well.

According to the present invention, the workpiece is
machined while applying forced vibration to feed operation,
that is, while relatively vibrating the workpiece, which peri-
odically varies the feed rate per edge of the tool. As a result,
chatter vibration caused during deep cutting or the like can be
suppressed.

In addition, with the forced vibration to be superimposed
on the feed operation being at a frequency of vibration that is
equal to the rotation speed of the tool, the forced vibration can
be caused to cancel the influence of the amount of tool runout,
thereby reliably suppressing tool chipping.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a diagram showing an example of a machining
vibration suppressing apparatus for a machine tool according
to the present invention.

FIG.2A is aplan view of a tool showing the arrangement of
cutting edges, and

FIG. 2B shows the results of measuring the amount of tool
runout at each phase of the cutting edges.

FIG. 3 is a chart showing a sine wave approximating the
relationship between the amount of tool runout and the phase
difference.

FIG. 4 is a flowchart showing the flow of chipping suppres-
sion control.

FIG. 5 is a chart showing the cutting force distribution
during machining for a case where the amount of tool runout
was not corrected.

FIG. 6 is a chart showing the cutting force distribution
during machining for a case where the amount of tool runout
was corrected.

FIG. 7 is a flowchart showing another example of the
chipping suppression control.

FIG. 8 is a chart showing the cutting force distribution
during machining for a case where vibration was synchro-
nized with the tool rotation speed.

FIG. 9 is a chart showing the cutting force distribution
during machining for a case where vibration was not synchro-
nized with the tool rotation speed.

FIG. 10 is a schematic view of a tool path.

DETAILED DESCRIPTION OF THE INVENTION

An embodiment of the present invention will be described
in detail below with reference to the drawings. FIG. 1 is a
diagram showing an example of a machine tool including a
machining vibration suppressing apparatus according to the
present invention. Reference numeral 1 denotes a tool, 2
denotes a main spindle that rotates the tool 1, 3 denotes a feed
shaft drive unit that controls the feed rate of a feed shatt 10, 4
denotes a workpiece, 5 denotes a machining vibration sup-
pressing apparatus, and 6 denotes an external input device
that allows input of conditions such as command values for
the radius, the angular velocity, and the phase difference of
vibration to be superimposed on the feed shaft 10, informa-
tion on cutting edges, and so forth.

The feed shaft drive unit 3 includes an X-axis control unit
3a that controls an X-axis feed shaft 104, a Y-axis control unit
35 that controls a Y-axis feed shaft 105, and a Z-axis control
unit 3¢ that controls a Z-axis feed shaft 10c. The machining
vibration suppressing apparatus 5 includes a main spindle
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rotation control device 11 that controls the rotation speed of
the main spindle 2, a computation device 12 that computes a
correction value for each axial direction from the rotational
phase ofthe main spindle 2, and a numerical control device 13
that controls the feed shaft 10.

In the thus configured machine tool, vibration is sup-
pressed as follows. Minute vibration control is superimposed
on NC program commands for axial feed performed by the
feed shaft drive unit 3 for each axis.

For example, for arcuate machining performed in an X-Y
plane which is orthogonal to the main spindle 2, minute
vibration based on a path set by the following formulas 1 and
2 is superimposed on a machining path according to normal
commands.

X=Rxcos(wt-0,) Formula 1

Y=Rxsin(wt) Formula 2

In the formulas, R is a minute vibration radius set value,
is the angular velocity of rotation of the tool 1, t is the elapsed
time, and 0, is the phase difference between the X axis and the
Y axis. The minute vibration radius set value R may be set as
desired in accordance with the machining conditions, and
may be set to a value around the feed rate per edge of the tool
1 (for example, 0.1 mm).

FIG. 10 is a schematic view of a path M of the tool 1 for a
case where machining is performed with minute vibration
superimposed on the feed shaft 10. As shown in FIG. 10, the
tool 1 performs machining so as to draw circles because of the
superimposed minute vibration.

In this way, machining is performed with forced vibration
applied to the feed operation. That is, machining the work-
piece 4 while vibrating the tool 1 or the workpiece 4 periodi-
cally varies the feed rate per edge of the tool 1, and therefore
can suppress chatter vibration caused during deep cutting or
the like.

Although vibration is only applied in the X-Y plane in the
embodiment, vibration may be additionally applied in the
Z-axis direction, which is the direction of the main spindle 2,
to suppress chatter vibration.

In case of a tool with replaceable cutting edges such as an
insert tool, meanwhile, runout is generally caused in the tool
1 because of the influence of the machining accuracy of the
cutting edge attachment surface, which tends to cause tool
chipping. Thus, the feed shaft 10 may be minutely displaced
in synchronization with the main spindle 2 which is a rotary
shaft of the tool 1 so as to cancel the amount of tool runout by
setting an amplitude and a phase on the basis of the respective
positions of the cutting edges and their respective amounts of
runout measured in advance. This allows the feed rate per
cutting edge to be close to a value based on the original
command, thereby suppressing tool chipping.

FIG. 2A and FIG. 2B show an example of the tool 1 with
replaceable cutting edges. FIG. 2A is a plan view of the tool
1, and FIG. 2B shows the results of measuring the relationship
between the phase of each cutting edge and the amount oftool
runout of each cutting edge. As shown in FIG. 2A, the tool 1
includes four cutting edges 1a provided at intervals of 90°.

Normally, pulse signals are output for each rotational angle
and each rotation. Therefore, the main spindle rotation con-
trol device 11 which controls rotation of the main spindle 2
can obtain from the pulse signals information on the origin of
the rotational angle of the tool 1, the position at which the
pulse signals are generated, and the phase of the cutting edges
1a (hereinafter simply referred to as “phase of each cutting
edge 1a”).
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FIG. 3 shows a sine wave approximating the relationship
between the thus measured amount of tool runout § and the
phase difference 6, from the origin of the rotational angle or
the position at which the pulse signals are generated. Because
the tool 1 according to the embodiment has four edges, data
have a pitch of 90°, and in this case can be approximated by
the following formula 3.

Amount of tool runout d(um)=18x(1+sin(6,-280°)) Formula 3

In the formula, 6, is the phase difference from the pulse
signals generated from the rotary shaft of the tool 1 or the
origin of the rotational angle, and 280° is a phase difference
correction value.

Then, correction values are obtained by distributing the
calculated amount of tool runout d to the respective axial
directions, and superimposed on the following formulas 1 and
2 to result in the following formulas 4 and 5.

X=Rxcos(wt-9,)-0x Formula 4

Y=Rxsin(wt)-dy Formula 5

In the formulas, 8x is a value of the amount of runout
distributed to the X-axis direction, and dy is a value of the
amount of runout distributed to the Y-axis direction.

Such vibration is superimposed on the feed shaft 10 (the
X-axis feed shaft 10a and the Y-axis feed shaft 106) to cause
the tool 1 or the workpiece 4 to be subjected to forced vibra-
tion, in other words, cause the workpiece 4 to be machined
while vibrating relatively. Then, the amount of runout of the
tool 1 in each axial direction caused in accordance with the
position (phase) of the tool 1 during machining is corrected on
the feed shaft side. As a result, the tool 1 or the workpiece 4
can be subjected to forced vibration in synchronization with
rotation of the tool 1 so as to cancel vibration of the tool 1,
thereby suppressing the influence of the amount of runout of
the tool 1.

Such control is performed in accordance with the flow
shown in FIG. 4. First, a feed shaft superimposition radius, an
angular velocity w, and a phase difference 0 are input from the
external input device 6, and the amount of runout of each
cutting edge 1a and the phase of each cutting edge 1a are
measured and input in the same manner (S1). When data are
input, the computation device 12 calculates a correction value
for the rotational angle (S2), and acquires the phase relation-
ship (phase difference correction value) between each input
position of the cutting edge 1a and the tool body on the basis
of'the rotational angle of the main spindle 2 being monitored
by the main spindle rotation control device 11 (S3).

After acquiring the phase difference correction value, the
computation device 12 converts the phase difference correc-
tion value into components in the respective axial directions
to add the components to feed shaft command values for the
respective feed shafts (to be more exact, reduce the amount of
runout) (S4). Then, the numerical control device 13 controls
the feed shaft drive unit 3 on the basis of the resulting feed
shaft command values (S5) to perform machining.

Machining is performed (S6) by repeating the control in
and after the step (S3) in which the phase relationship
between each input position of the cutting edge 1a and the
tool body is acquired on the basis of the main spindle rotation
speed being monitored by the main spindle rotation control
device 11.

The forced vibration to be superimposed on the feed opera-
tion has a frequency of vibration that is equal to the rotation
speed of the tool 1, that is, equal to the runout of the tool 1.
Therefore, vibration can be superimposed on the feed shafts
10a and 104 so as to suppress the amount of runout of the tool
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1 within one rotation of the main spindle 2, thereby canceling
the influence of the amount of tool runout. As a result, the
maximum cutting force applied to the cutting edges 1a can be
reduced to reduce occurrence of tool chipping.

In addition, the reduction in maximum cutting force can
also suppress chatter vibration.

The vibration suppression effect due to the control
described above is specifically as follows. First, the chatter
vibration suppression effect is described. Here, a steel mate-
rial was machined using a milling tool of an insert type with
a diameter ¢ of 50 mm. Comparative machining was per-
formed under cutting conditions that the cutting velocity Ve
was 45 m/min, the feed rate per edge fz was 0.1 mm/edge, a
groove with an axial cutting dimension Ap of 18 mm and a
radial cutting dimension Ae of 50 mm was cut, the set value R
of the radius of minute vibration of the feed shafts 104 and
105 according to the present control was 0.1 mm, and the
frequency of the minute vibration fwas 4.8 Hz (which was the
same as the tool rotational frequency).

As a result, in machining with no application of forced
vibration, chatter was caused at a feed rate override of 70% to
provide a machined surface with chattered mark. However, in
the case where machining was performed under the condi-
tions described above, that is, with superimposition of vibra-
tion at a frequency of vibration matching the rotation speed of
the tool 1 and with a vibration radius of 0.1 mm, no chatter
was caused up to a feed rate override of 100% to provide a
good machined surface.

Next, the effect of the control according to the present
invention for correcting the amount of runout of the tool 1 is
described. Here, a 6-4 titanium alloy was machined under the
same cutting conditions as the conditions for suppressing
chatter described above. The results of measuring the cutting
force during machining (for two rotations) are shown in
FIGS. 5 and 6. FIG. 5 shows the measurement results for a
case where the amount of runout of the tool 1 was not cor-
rected. FIG. 6 shows the measurement results for a case where
the amount of runout of the tool 1 was corrected. It should be
noted, however, that the radius R of minute vibration of the
feed shafts 10a and 105 was not set (R=0 mm, only correction
of'the amount of tool runout). Machining was performed with
a tool dynamometer attached to an object to be machined.

As shown in FIGS. 5 and 6, controlling the feed shafts 10a
and 105 so as to suppress the amount of runout of the tool 1
within one rotation reduced the maximum cutting force
applied to the cutting edges 1a by about 10%, and reduced the
relative difference in cutting force to about half. As a result,
occurrence of tool chipping was reduced.

In the embodiment described above, a command for the
amount of minute displacement to be superimposed on the
feed shafts 10a and 105 is corrected through approximation
performed using formulas. However, the correction amount
for the phase may be provided as point group data or in any
suitable form in consideration of the following performance,
ease, etc. of the control. In the embodiment, the workpiece 4
is moved to generate vibration for Y-axis control, and the
main spindle 2 (tool 1) is moved to generate vibration for
X-axis control. However, vibration in both the X-axis and
Y-axis directions may be generated on the workpiece 4 side,
oron the main spindle 2 side. It should be noted, however, that
a command value to be added to the main spindle 2 side and
a command value to be added to the workpiece 4 side are
opposite in phase by 180°.

Next, another embodiment for suppressing occurrence of
tool chipping will be described. In the embodiment, the
forced vibration to be superimposed on the feed shaft 10 is
changed in accordance with the number of the cutting edges
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1a. First, minute vibration indicated by the formulas 1 and 2
given above is added to NC program commands for axial feed
performed by the X-axis control unit 3a and the Y-axis control
unit 3b. The angular velocity of forced vibration of the feed
shafts 10a and 105 is set on the basis of the tool rotational
angular velocity using the following formula 6.

Angular velocity of forced vibration=(tool rotational
angular velocity)x(number of edges)/(number of

edges+#) Formula 6

Inthe formula, n is a predetermined integer to be discussed
later, the tool rotational angular velocity is 2xmx(tool rota-
tional frequency), and the tool rotational frequency is 1/(tool
rotational period). The tool rotation speed is acquired from a
command value for the main spindle rotation speed in the NC
program or the actual control value for the main spindle
rotation speed.

In the embodiment, nis set as follows. In the case where the
number of the cutting edges 1a is an even number, n is set to
an odd number which may be a negative number, in particular
an odd number that is close to the number of the cutting edges
1a. With n being an odd number, the cutting force is sequen-
tially shifted among the plurality of cutting edges 1a, 1a to
avoid a state in which the cutting force is continuously
applied to a particular edge. This is because by controlling the
ratio between the rotational angular velocity of the tool 1 and
the angular velocity of forced vibration for feed shaft control
in accordance with the ratio between the number of edges and
an increase and a decrease therein, the relationship between
the position with maximum amplitude in vibration control
and the position of the cutting edges 1a is sequentially shifted
upon each rotation of the tool 1.

In the case where the number of the cutting edges 1a is an
odd number, on the other hand, n may not necessarily be an
odd number or an even number. In the case where the number
of'the cutting edges 1a is an odd number, it is unlikely that the
cutting force is intensively applied to a particular cutting edge
irrespective of the value of n. In the case where the number of
the cutting edges 1a is an even number, the same effect can be
obtained even if n is not an integer only if machining is
performed for a long time.

The flow of the control will be described with reference to
the flowchart of FIG. 7. First, the number of edges and n are
input from the external input device 6 (S11). The computation
device 12 calculates the angular velocity of forced vibration
according to the present control (S12) from the input data and
the tool rotation speed obtained from the main spindle rota-
tion control device 11. The numerical control device 13 con-
trols the feed shaft drive unit 3 on the basis of the calculated
angular velocity (S13) to perform machining. The feed shafts
10a and 105 are controlled until machining is terminated
(S14).

Because of the control, vibration to be superimposed on the
feed shafts 10a and 105 is at a frequency of vibration shifted
from, rather than synchronized with, the rotation speed of the
tool 1. Therefore, the maximum cutting force, which would
be applied to a particular one of the cutting edges 1a in the
related art, can be distributed to other cutting edges 1a. As a
result, the cutting force to be applied to the cutting edges 1a
can be distributed to be applied in an equally distributed
manner. This makes it possible to suppress tool chipping to
extend the life of the tool 1, and to suppress chatter vibration
of the tool 1 at the same time because of distribution of the
maximum cutting force.

The embodiment described above in which vibration that is
not synchronized with the rotation speed of the tool 1 is
superimposed is effective in suppressing chatter vibration
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irrespective of the number of edges of the tool 1, and effective
if the tool 1 has a single cutting edge 1a.

The results of machining performed in accordance with the
control described above are specifically as follows. First, in
order to check the normal machining state, a 6-4 titanium
alloy was machined using a milling tool of an insert type with
a diameter ¢ of 50 mm. Cutting conditions were that the
cutting velocity Ve was 45 m/min, the feed rate per edge {z
was 0.1 mm/edge, a groove with an axial cutting dimension
Ap of 18 mm and a radial cutting dimension Ae of 50 mm was
cut, the number of edges Z was 4, the radius R of minute
vibration of the feed shafts 10a and 105 according to the
present control was 80 pm, and the frequency of the minute
vibration f was 4.77 Hz (with n=0 and with the angular
velocity of forced vibration being equal to the tool rotational
angular velocity (n=0 in the formula 6 given above)).

FIG. 8 is a chart showing the cutting force distribution
during machining performed under such conditions, in which
#1 to #4 indicate the number of the four cutting edges 1a.
Such data were acquired during machining with a tool dyna-
mometer attached to an object to be machined.

Next, in order to verify the effect of the present control,
machining was performed with the frequency changed to
f=3.82 Hz (%5 of the tool rotational frequency, n=1 in the
formula given above). FIG. 9 is a chart showing the cutting
force distribution during machining performed under such
conditions, showing a case in which the frequency of forced
vibration is shifted from the tool rotation speed.

From the machining results of FIGS. 8 and 9, it is seen that
in case of n=0, the maximum cutting force was applied only
to a particular edge at all times (concentrates on the #2 cutting
edge 1a in FIG. 8), but that in case of n=1, the maximum
cutting force was sequentially shifted among the cutting
edges 1a. Specifically, five crests forms one period in FIG. 9,
with the maximum value sequentially shifted in the order of
#3 and #4. As a result, occurrence of tool chipping was
reduced.

As has been described above, slightly shifting vibration to
be superimposed on the feed shaft 10 with respect to the tool
rotation speed (for example, four fifths of the tool rotational
frequency as discussed above) can distribute the maximum
cutting force, which would otherwise be applied to a particu-
lar one of the cutting edges 1a, to other edges, and apply the
cutting force to the cutting edges 1a in an equally distributed
manner. Since the maximum cutting force to be applied to the
cutting edges 1a is distributed, chatter vibration can also be
suppressed at the same time.

The formulas for controlling forced vibration are not lim-
ited to those according to the embodiment described above,
and may be modified appropriately in accordance with the
machining conditions etc. without departing from the scope
and spirit of the present invention. Point group data with a
predetermined period may be used in place of the formulas.

What is claimed is:

1. A machining vibration suppressing method for a
machine tool that machines a workpiece while rotating a tool
mounted to a main spindle, the method comprising:

machining the workpiece while applying forced vibration

at a predetermined amplitude and a predetermined fre-
quency of vibration to feed operation for a feed shaft
during machining,

wherein the frequency of vibration of the forced vibration

is a frequency of vibration that is equal to a rotation
speed of the tool, and

the rotation speed of the tool is acquired from a value for

controlling a main spindle rotation speed, and
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whereby the forced vibration to be superimposed on the
feed operation is caused to cancel influence of an
amount of tool runout.

2. The machining vibration suppressing method for a
machine tool that machines a workpiece while rotating a tool
mounted to a main spindle, the method comprising:

machining the workpiece while applying forced vibration
at a predetermined amplitude and a predetermined fre-
quency of vibration to feed operation for a feed shaft
during machining,

wherein the frequency of vibration of the forced vibration
is a frequency of vibration that is equal to a rotation
speed of the tool, and

the workpiece is machined with first vibration and second
vibration superimposed on the feed operation for the
feed shaft during machining, the first vibration being at
a frequency of vibration shifted by a predetermined
amount with respect to the rotation speed of the tool and
the second vibration being at a specific amplitude and at
a frequency of vibration that is equal to the rotation
speed of the tool, and

whereby the forced vibration to be superimposed on the
feed operation is caused to cancel influence of an
amount of tool runout.

3. A machining vibration suppressing apparatus for a
machine tool that machines a workpiece while rotating a main
spindle to which a tool having one or a plurality of cutting
edges are mounted to feed at least one of the workpiece and
the tool in a plane that is orthogonal to the main spindle, the
apparatus comprising:

a condition input unit that sets an amplitude and a phase of

the workpiece;

a vibration computation unit that computes a phase of
vibration of a feed shaft on the basis of the input ampli-
tude and phase of the workpiece to generate a feed shaft
control signal;

a feed control unit that controls feed of the feed shaft; and

a tool information input section that acquires a rotational
phase of the tool,

wherein the feed control unit applies forced vibration
based on the feed shaft control signal to the workpiece,
and

the feed shaft control signal output from the vibration
computation unit for execution of the forced vibration is
a signal that causes vibration at an amplitude set in
advance and at a frequency of vibration that is equal to a
rotation speed of the tool, and

the rotation speed of the tool is acquired from a value for
controlling a main spindle rotation speed, and

whereby the forced vibration to be superimposed on the
feed operation is caused to cancel influence of an
amount of tool runout.

4. The machining vibration suppressing apparatus for a
machine tool claim 3, where that machines a workpiece while
rotating a main spindle to which a tool having one or a
plurality of cutting edges are mounted to feed at least one of
the workpiece and the tool in a plane that is orthogonal to the
main spindle, the apparatus comprising:

a condition input unit that sets an amplitude and a phase of

the workpiece;

a vibration computation unit that computes a phase of
vibration of a feed shaft on the basis of the input ampli-
tude and phase of the workpiece to generate a feed shaft
control signal;

a feed control unit that controls feed of the feed shaft; and

a tool information input section that acquires a rotational
phase of the tool,
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wherein the feed control unit applies forced vibration
based on the feed shaft control signal to the workpiece;

the feed shaft control signal output from the vibration
computation unit for execution of the forced vibration is
a signal that causes vibration at an amplitude set in
advance and at a frequency of vibration that is equal to a
rotation speed of the tool;

the feed shaft control signal output from the vibration
computation unit is a signal obtained by superimposing
a control signal that causes first vibration on a control
signal that causes second vibration, the first vibration
being at a frequency of vibration shifted by a predeter-
mined amount with respect to the rotation speed of the
tool and the second vibration being at a frequency of
vibration that is equal to the rotation speed of the tool;
and

the feed control unit applies forced vibration based on the
two types of control signals to the workpiece, and

whereby the forced vibration to be superimposed on the
feed operation is caused to cancel influence of an
amount of tool runout.
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